Concentrically braced frames provide ductility and imparted seismic energy dissipation through yielding of tension braces and buckling of compression braces. In braced frames with chevron configuration, difference of actions in tension and buckled brace results in considerable unbalanced force at brace-beam intersection, which is addressed in modern seismic design provisions. In this paper, effect of flexural capacity of beam to carry this unbalanced force and consequently seismic behavior of braced frame is investigated by finite element analysis. Two-story and four-story chevron braced frames were modeled in ABAQUS software and studied by means of nonlinear cyclic pushover and nonlinear response history analysis methods. Results showed that inadequate flexural strength of the beams reduce lateral stiffness and strength of braced frame significantly as lateral drift increases; therefore, concentration of lateral deformation in one story may cause formation of soft and weak story. Furthermore, seismic behavior of chevron braced frame and two-story X braced frames were compared.
1-Introduction
Lateral force resistance can be provided by different structural systems. Steel Concentrically Braced Frame (CBF) is a lateral force resisting system which serves as a vertical truss for lateral loads such as earthquake and wind. Since in CBF, centerline of brace passes through intersection of beam and column centerline thus initially lateral loads are mainly supported by axial tension or compression forces in members. The CBF is a common seismic force resisting system (SFRS) due to its high lateral stiffness, ease of construction and low fabrication cost. Many buildings with CBF system are located in high seismic risk regions such as many highly populated cities of Iran, e.g. Tehran, Shiraz, Tabriz and Mashhad.
In the linear behavior range, seismic force is resisted through truss action, while in the nonlinear behavior stage, earthquake energy is dissipated by yielding of tension braces and buckling of compression braces. Therefore, to provide sufficient ductility, braces act as fuse in the CBFs where columns, beams and connection should remain elastic. Different patterns of bracing including X, V, and two-story X can be employed for the CBFs. can be computed according to Figure 2 as the difference of expected brace strength in tension (P et ), and expected compression strength (P ec ) or expected post buckling strength (=0.3P ec ). It should be noted that, the most critical case of this capacity design procedure should be considered for the beam design.
The expected brace strengths in tension and compression are determined by means of following equations [1] [2] . P et = R y F y A g (1) P ec = 1.14 F cre A g (2) where R y , F y , A g , and F cre respectively are ratio of the expected yield stress to the specified minimum yield stress of steel, specified minimum yield stress of steel, brace gross area, and expected critical stress in compression (using R y F y instead of F y to compute F cr for flexural buckling).
In this study, role of beam flexural strength on seismic behavior of 2-story and 4-story inverted-V SCBF system is investigated through nonlinear cyclic pushover analysis and nonlinear response history analysis. Three types of beam are considered; i.e. strong beam, weak beam and very weak beam. Strong beam has sufficient strength following seismic design provisions, while flexural strength of weak and very weak beam is insufficient for supporting the unbalanced force of the braces. Effect of beam flexural capacity on seismic performance is evaluated through story stiffness, story lateral strength, beam vertical deformation and inter-story drift ratio. Furthermore, influence of bracing configuration (twostory X versus inverted-V) is investigated to mitigate adverse effect of weak beam.
Several analytical and experimental investigations have been conducted on lateral behavior and seismic performance of chevron braced frames. The analytical studies are outlined as follow. Different design approaches of multi-story chevron brace were examined by Robert and Tremblay [3] and height limitations are proposed for each design procedure. In addition, detailed study on a building with chevron brace which suffered major damage in 1994
Northridge earthquake was performed by means of response spectrum, nonlinear static (pushover) and nonlinear response history analysis methods [4] . Another analytical study focused on evaluating seismic behavior of conventional CBF and modeling special CBF [5] .
In an analytical study, Kim and Choi [6] assessed overstrength, ductility and response modification factor of special CBF and ordinary CBF frame with various numbers of story and span length through pushover and nonlinear incremental dunamic analysis. Furthermore, design of chevron-brace frame according to EuroCode was evaluated and a new method was proposed to estimate strength of chevron brace which was employed for enhanced design of chevron CBF [7] . Dicleli and Mehta [8] compared seismic performance of chevron brace frame with and without damper subjected to near-fault ground motion by nonlinear response history analysis and. They also developed a nonlinear structural model to simulate hysteretic load-deflection of steel box brace in ADINA software which was applied to evaluate structural performance of single story chevron braces [9] . Low-ductility chevron braced frames was also studied by incremented dynamic analysis method [10] . Giugliano et al. [11] evaluated seismic performance and relaiability of concentrically braced frames designed according to traditional and innovative design strategies. Other researchers investigate overall behavior and over strength factor of a chevron brace with weak beam under lateral loads [12] [13] ]. An improved model was developed and validated using a large number of tests by Hsio et al. [14] , which was applied in accordance with FEMA P695 methodology to evaluate seismic performance of different braced frames [15] . Lai and Mahin [16] sought to modify yielding beams in braced frames using a strongback system and to promote uniform story drift over height of structure. D'Aniello et al. [17] investigated influence of beam flexural stiffness on the seismic response of chevron CBFs and showed that besides the strength, the beam flexural stiffness has a key role in order to assure ductile behavior of CBF. Furthermore, Asghari and Azimi [18] studied ductility reduction factor and response modification factor of CBFs with different story numbers and bracing type including chevron bracing. In a comprehensive study, Kazemzadeh Azad et al. [19] evaluated in detail the design philosophies and provisions used in the AISC 341 and EC8 for CBF system with different configurations. They concluded that AISC 341 provisions leads to relatively stronger and stiffer beams in CBF comparing to EC8 requirements.
Major findings of experimental studies on Chevron CBF are summarized here. Fukuta et al.
[20] conducted test on half-scaled three story inverted-V braced frames. They concluded that post-buckling behavior of the brace and the interaction between the brace and the beam mainly affect the total seismic behavior of the frame. In another experimental study, Bubela et al. [21] examined incorporating vertical slotted connection in steel chevron braced frame to prevent vertical load transfer to beam through full-scale quasi-static cyclic tests of two specimens. Dynamic response of steel CBF with chevron arrangement and elliptical fold line in gusset plate connection was performed through test on large-scale shaking table [22] . In this study, excellent behavior of connection was observed and yielding in the middle of beam did occur as predicted in monotonic analysis. However, non-seismic CBFs with low flexural strength beam in chevron configuration were examined by Sen et al. [23] [24] [25] . Full-scale twostory braced frame with weak beam tested in this research as described in following section which is employed for verification of numerical simulation in this study.
2-Numerical Model and Verification
In this section, details of full-scale test on two-story chevron braced frame with weak beam used for verification of numerical simulation as well as procedure of analytical model are presented.
Details of the Tested Chevron CBF
Sen et al. in 2013 conducted tests on two full-scale two-story concentrically inverted-V chevron brace in National Research Center of Taiwan [23] [24] [25] . Both specimens with low ductility detail were categorized as ordinary-CBF based on seismic provisions of AISC 341-10 [1] . As shown in Figure 3 , frames have weak beam in first story and strong beam in second story regarding to unbalanced force of braces.
In one frame (Figure 3 .a), brace gusset plate without fold line restricted free rotation of brace to gusset connection, while in the other frame (Figure 3 .b) fold line provided proper detail.
Both frames had similar sections. Upper slab of 200 mm thickness has composite action with steel beam, but lower slab with 150 mm thickness was connected with beam only in few points. Cyclic loading with predefined lateral displacement as plotted in Figure 4 was applied at upper level by three 980 kN capacity actuators. Figure 5 shows photos of test frame and post-buckling condition of compression brace.
Numerical Modeling Procedure
For verification of numerical modeling, two-story frame of Figure 3 For numerical simulation of steel braced frame response, ABAQUS v.6.14-2 finite element software was employed. Nonlinear behavior of steel material was considered through elastoplastic stress-strain relationship with Isotropic strain-hardening effect, as depicted in 
Comparing Test and Model Results
Deformed shape of simulated two-story test frame is presented in Figure 9 . Figure 10 compares results of test and numerical model in ABAQUS, where numerical simulation results comply adequately with experimental results.
At different ratios, Table 1 lists relative error in test and model results for the maximum base shear. It is clear that the numerical model can predict lateral load carrying behavior of the chevron CBF with weak beam in the first story, thus, in current study similar simulating approach is employed for further study on seismic behavior of this system.
3-Model Details
For evaluating weak beam effect on seismic behavior of the CBF with inverted-V bracing configuration, two-story and four-story frames of Figure 11 were studied. Analytical evaluation was performed through nonlinear cyclic pushover analysis and nonlinear response history analysis procedures. provisions as special concentrically braced frames (SCBF), where typical beam, column and brace sections are tabulated in Table 2 . Uniform dead load and live load were considered as 5 kN/m 2 and 2.5 kN/m 2 , respectively. Material properties of model building is similar to tested braced frames in Section 2.2. The brace sections were chosen to meet strength and drift requirements of seismic force resisting system. The column sections were selected to satisfy capacity design requirements of AISC 341-10 also. The beam sections Demand Capacity Ratio (DCR) for supporting the unbalanced force as described in Figure 2 are presented in Table 3 . Regarding to the DCR of the beams in Table 3 , three types of beam sections were considered, namely strong beam, weak beam and very weak beam. Since braces and beam sections are similar in all stories, thus the DCR of all beams are equal.
Model Building

Selecting and Scaling Ground Motions
The modeled buildings were considered to be located on Site Class D (Stiff Soil) near Tehran Design response spectrum parameters as presented in Table 4 was calculated as prescribed in ASCE 7-10.
A suite of seven ground motions, including 2 near-field and 5 far-field records, regarding to site class and seismic hazard parameters of ASCE 7-10 were selected and scaled for 2-story braced frames buildings to design level earthquake hazard as listed in Table 5 . Figure 12 shows response spectrum of scaled ground motions. Average response spectrum of 7 records before and after scaling is compared with design response spectrum in Figure 13 .
4-Results and Discussion
Results of numerical simulation of chevron braced frames by means of ABAQUS software are presented in this section. At the first stage, similar to Sen et al. experimental study [23] [24] [25] cyclic displacement control loading of roof level was applied to numerical model of the braced frames. Two main goals of further investigation on cyclic pushover loading are mainly; firstly to extend results to multi story braced frame, i.e. 2 and 4 story, with weak beam in all stories and secondly to evaluate effect of very weak beam section which is commonly may be encountered in existing chevron braced frames in Iran. In addition, analytical modeling enables to find different structural performance parameters. At the second stage, response history analysis of 2-story model buildings subjected to scaled ground motions were performed to gain insight into seismic performance of chevron braced frames with weak beams at design level seismic hazard. Finally, seismic behavior of two-story X and chevron four-story braced frames with weak beam were compared.
Cyclic Pushover Analysis of Chevron Braced Frame
In cyclic pushover analysis, similar to load history of Figure 4 , maximum drift ratio of roof level is increased step by step. Figures 14 and 15 cases. Further increase of lateral drift has little effect on the frame strength. In the case of 2-story braced frame, the average strength of frames with weak beams and very weak beams is reduced respectively 31% and 52% w.r.t. the frame with strong beams. For 4-story braced frame, the average strength of frame with weak beams and very weak beams is decreased respectively 19% and 42% w.r.t. the frame with strong beams.
The beam strength has direct effect on initial lateral stiffness (elastic stiffness) of the braced frames. The initial relative stiffness of braced frame with weak and very weak beams w.r.t braced frame with strong beams is respectively 84% and 71% for 2-story frame and 88% and 81% for 4-story frame. The lateral stiffness of all braced frames decrease gradually as lateral drift increases, but lower beam strength causes higher rate of stiffness reduction (in average 25% decrease for weak beam case and 50% decrease for very weak beam case w.r.t to strong beam one). Thus, reduction in lateral stiffness and lateral strength of the chevron braced frames increase as beams flexural strength decrease. Combination of lower later strength and decrease of lateral stiffness may cause soft or weak story for frame with weak and very weak beams.
Nonlinear Response History Analysis of 2-Story Chevron Braced Frames
The seven ground motions of Table 2 were scaled to code-based design level records which were used for response history analysis of 2-story chevron braced frames. It is worth noting that mass regarding to tributary area of each frame (one fourth of plan area of Figure 11 ) was assigned to each story of the frame, and due to symmetric plan only one component of ground motion was applied in the plane of the frame in the numerical simulation. Actually, axial force of tension brace is limited to beam shear load carrying capacity which is related to midspan flexural hinge formation mechanism. For weak and very weak beam, considerable residual vertical deformation can be observed at the end of earthquake.
History of roof drift subjected to FF-6 earthquake is presented in Figure 21 . After buckling of compression brace, frame drift mostly concentrates in one direction. Generally, low strength beam results in higher frame drift. Cumulative residual drift of the frame may occur, which is usually higher for braced frame with weak or very weak beam.
Plastic strain of members at peak displacement of 1 st story is presented in Figure 22 . No plastic strain could be observed in strong beams, which verifies elastic behavior of the beam.
As expected in the CBF system with adequate beam, plastic strain in tension brace is related to yielding, and plastic strain of compression brace is caused by post buckling midspan flexural deformation of bracing. However, plastic strain mainly happens within beam for braced frame with very weak beam, which represents plastic hinge formation. Large plastic strain of beam can possibly lead to beam failure, which needs fine modeling to be captured by means of FEM fracture modeling. No plastic strain could be observed in tension braces of frames with very weak beam, but compression braces experience buckling related plastic strain. Some plastic strain occurs in columns of braced frame with very weak, which shows larger shear is resisted by frame action of columns after brace buckling. Comparing to strong beam, lower beam strength results in different load carrying mechanism of braced frame, in which part of lateral load is resisted through frame action instead of truss action. Table 6 summarizes results of nonlinear response history analysis for all the scaled ground motions. The tabulated results include the maximum base shear, roof displacement, story and frame drift ratio, midspan vertical displacement of beam, and unbalanced beam force. The unbalanced force is presented in terms of horizontal (axial) and vertical (shear) forces.
Regarding to flexural strength of the beam in the braced frame, following points can be noted.
Generally, the base shear does not depend on the beam strength. The average lateral drift of the frame with weak and very weak beam is 47% and 85% higher than the strong beam case.
The buckling of the compression brace mostly occurs in the first story, thus, most of lateral drift is concentrated in the first story where in average the 1 st story drift ratio is 1.6%, 2.2%, and 3.1% for strong, weak and very weak beam, respectively. This increase of the 1 st story drift ratio clearly demonstrates how inadequate beam can provoke formation of soft story. In addition, midspan vertical deformation of the weak and very weak beam in the 1 st story is 3.6 and 6.8 times more than the strong beam, which explains higher drift ratio in the 1 st story.
Following AISC 341-10 provisions as presented in Table 3 Table 6 . Furthermore, rigid behavior of the beam-column connection at the presence of corner gusset plates differs from the regular pinned connection behavior assumption.
The shear in the beam resulting from unbalanced force is proportional to flexural strength, but the axial force in all cases is relatively similar. It should be noted that mostly compression brace buckling occurs in the 1 st story so shear force in the 1 st story beam is much more than the 2 nd story beam.
Cyclic Pushover Analysis of Two-Story X Braced Frame
To examine the influence of bracing configuration on lateral behavior of a braced frame with very weak beam, nonlinear cyclic pushover analysis is employed and results are compared with chevron CBF cases. Two-story X-braced frame (TSXBF) configuration, in which V-and inverted V-braces in alternate stories creat an X-configuration over two stories, have become one of the most commonly used SCBF in areas with high seismicity. Employing and studying TSXBF gained a lot of attraction [29] [30] [31] 
5-Conclusions
Results of numerical simulation of 2-and 4-story chevron CBFs with strong, weak and very weak braced-intersected beams through nonlinear cyclic pushover analysis and nonlinear response history analysis were presented. The numerical simulation performed by means of ABAQUS software was able to capture nonlinear steel material, buckling and post buckling behavior of compression braces, presence and detail of gusset plates and large deformation effects. Adequacy of numerical simulation was verified by comparing model results with an experimental study on 2-story chevron braced frame with weak beam. Seismic responses were discussed in terms of lateral stiffness and lateral strength of frame, vertical deformation and unbalanced force in beam, and inter-story drift ratios. Seismic behavior of two-story X-braced frame to mitigate adverse effect of weak beam in chevron braced frame was also discussed.
Major findings of this study are as follows: Table Captions   Table 1 . Relative error in test and model results for the maximum base shear at different drifts. Table 2 . Braced frame sections. Table 3 . Demand capacity ratio of beam sections according to AISC-341-10 provisions. Table 4 . Calculating design response parameter (S DS and S D1 ) based on ASCE 7-10. Table 5 . Selected ground motions and scale factors for 2-story braced frames. Table 6 . Peak nonlinear dynamic response of 2-story braced frame subjected to 7 scaled records. 
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